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TABLES OF HEAT CAPACITY AND ENTHALPY OF WATER AND STEAM

(2372
Experiments on the heat capacity of water and steam at var-
ious pressures are presented. Comparison is made betwen re-—
sults obtained previously under less adequate conditions and
those made more recently with improved methods and equipment.
Resistance thermometers and thermostat resistance coils were
used in the tests. A discussion is given concerning the ac-
curacy of measuring cp in the critical zonme. Various dis-
parities between authors regarding the values in the critical
zone are discussed. Tables and equations are provided tha
illustrate the methods used. fé

In the past ten years the All-Union Power Engineering Institute
(A.U.P.E.I.) has carried out several series of experiments on the heat ca-
pacity p of water and steam at pressures from 20 to 500 kg/cm2 (kilograms
per square centimeter) and at temperatures from 10 to 600 degrees C. (Ref-
erences 1-6). The primary purpose of these experiments was that of render-
ing more accurate the experimental data which had previously been obtained
by other authors using less advanced equipment. Experiments were also car-
ried out on heat capacity in areas which had not previously been studied:

2

at pressures greater than 260 kg/cm” and at temperatures below 200°C, in the

vicinity of the saturation curve, and also at pressures less than 150 kg/cm2
and at temperatures greater than 450°C. By integrating the experimental
data according to p and by computing the enthalpy according to the data,

it was shown that the improvements which have been made in the last few

years in the measuring method of the A.U.P.E.I. (References 1, 3) not only

substantially reduced the disparities in the experimental points but also

/Numbers in the margin indicate pagination in the original foreign text.
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resulted in a significant reduction in the systematic errors. It can be
stated at the present time that the accuracy of the A.U.P.E.I. data com-
puted according to cp concerning the significance of enthalpy is in com-
plete agreement with the accuracy of direct measurements of enthalpy made
according to the throttle method. Later on, some new results in the gra-
phic-analytical handling of the Cp data by the A.U.P.E.I. are discussed.

The fact that at the present time we have numerous experimental data
on ¢, makes it possible to construct a table of base points (bases) for
the same values of pressure and temperature for which new skeletal tables
will be constructed according to the decision of the International Coordi-
nating Committee on Properties of Steam.

Several works are known by which, with the aid of various graphic meth-
ods, tables of bases of heat capacity cp were obtained. 1In Reference 7 a
table of cp was published. In constructing this table the graphic method
was used based on the variables p,V instead of the usual variables p,t.

The utilization of a specific volume as one of the variables results in
simpler functions of c¢; however, along with this it entails additional dif-
ficulties: the use of this method depends upon the interpolation of experi-
mental data according to the specific volume. 1In all probability, this
volume precisely explains the fact that the lines of constant heat capac-
ity in the p-t coordinates, constructed according to the data in the table

o

in Reference 7, have sharp breaks for the values of ¢, from 2.5 kecal/kg * ~C

p
and above. This situation was studied in the following work (Reference 8)
in which, after interpolating according to the method presented in Refer-

ence 7, the lines of constant heat capacity were drawn into the p - t coordi-

nates, and isobars and isotherms were also drawn in the cp - t and ¢cp - p

2



o s R

coordinates. At pressures below 25 kg/cm2 these diagrams were used direct-
ly for processing the experimental data, i.e., the method presented in Ref-
erence 7 was not used, probably owing to the difficulty in interpolating
the experimental data concerning the specific volume.

In Reference 7 the experimental data of the A.U.P.E.I. were not con-

2 and in Reference 8 the data which had

sidered at pressures above 300 kg/cm
been published subsequently in Reference 5 and Reference 6 were not studied.
The tables of heat capacity in the handbook (Reference 9), which were com-
piled prior to the conducting of the experiments of the A.U.P.E.I. (Refer-
ences 3-6),had become obsolete to an even greater extent. It should also

be recalled, as has already been stated in Reference 5, that not in a sin-
gle one of the works on constructing Cp tables was any consideration given
to the difference between the mean heat capacity which had been measured
experimentally and the true heat capacity which must be obtained by intro-
ducing into the experimental data corrections which reach significant values
in the critical area (Reference 5). For this reason the A.U.P.E.I. carried
out new work on constructing tables of Cp bases (Table 1) on the basis of
the latest experiments carried out by the A.U.P.E.I. (References 1-6) and
also on the basis of the experimental data of Koch on the cp of steam,

which agree satisfactorily with the measurement results of the A.U.P.E.I.
(References 1, 6). The measured results of the heat capacity of steam
(References 1, 2) were converted in accordance with the new data on the
dependence of the cp of water upon pressure at room temperature published
in Reference 11. The new values were 0.1 to 0.3% less than the former
values. In constructing Table 1 no special interpolating method of any

kind was used, since for small exceptions the experimental material on Cp
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is sufficient for constructing tables of bases with the aid of the usual
graphic methods, including the critical area (Figure 1).

The accuracy analysis of the experimental data of the A.U.P.E.I. for
areas rather remote from the critical point was given in References 1 and
3. The accuracy of the measured results in the critical area (References
5, 6) is determined primarily by the errors in proportion, i.e., the errors
in measuring the pressure and temperature to which the measured Cp value in
the test relates.

The sum error of proportion is calculated according to the following

formula:

PN

ey (23 ar+

() -

where Ap and At refer to errors in the measurement of the pressure and tem-
perature.

Immediately after the tests conducted within the pressure interval of
200-230 kg/cm2 (References 5, 6), a piston manometer ZH-1000 was employed
with a model MP-2500 manometer used for measuring specific volumes in the
critical area (Reference 12). The effective cross-section of the piston of
this manometer was determined by the All-Union Scientific Research Insti-
tute of Metrology (A.U.S.R.I.M.) in Leningrad, to be at an accuracy of 0.01%
thus making it possible to consider the pressure measurement accuracy in

1
References 5 and 6 to be 0.02%.

1As has already been noted in Reference 6, a few errors were made at the
time the results of the measurements in Reference 5 were published: the
correct values of the pressures at the isobars near the critical pressure
were as follows: 224.95 and 229.95 kg/cmz, the relative temperature at

isobars 229.95, 240 and 275 kg/cm2 must be reduced by 0.05°C.
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The new value of the constants of the ZH-1000 manometer deviate by 0.03%
from the calibrations of the Institute of the Committee of Standards in
Moscow of the All-Union Scientific Research Institute Committee (A.U.S.R.I.C.)
i.e., it does not exceed the limits of accuracy of these calibrations.l

It is more difficult to evaluate the accuracy of the temperature mea-
surements.

It was shown in Reference 3 that according to the estimate of the co-
workers of the A.U.S.R.I.M., the error in the measurements of temperature
made by means of a resistance thermometer, conceived by experts in the Com-
mittee of Standards and calibrated in the A.U.S.R.I.C., may reach O.OSOC,
in which case a large part of this error is a result of the calibration of
the thermometer being done at the boiling point of sulfur. 1In the last few
years the A.U,S.R.I.M. has carried out a large project aimed at making it
possible to increase the accuracy of the calibrations in resistance ther-
mometers, in particular instead of calibrations at the boiling point of
sulfur the thermometers have been calibrated at the melting point of zinc.
As was indicated in Reference 5, after tests had been made in the critical
area, the resistance thermometer was calibrated in the A.U.S.R.I.M. A sub-
stantial increase in the accuracy of the calibration makes it possible to
estimate the error in measuring the temperature in these tests at 0.02 -
0.03°C.

Thermostat resistance coils were used by the A.U.P.E.I. in measuring

the ¢, of water and steam. Resistance R, was carefully determined over a

1The calibration of the manometer of this type is being carried out in
the A.U.S.R.I.C. by determining the effective cross—section of each of the

three pistons separately.



long period of time at the melting point of ice which had been prepared

from distilled water. Platinum outlet leads were used for the purpose of

reducing the parasitic "T.E.D.S."1

at the tip of the thermometer. A fur-

ther increase in accuracy is only possible, in our opinion, by using resis-
tance thermometers which are hermetically sealed and by replacing the cali-
brations in the melting point of ice (which are quite long and which do not
always provide sufficient accuracy) by calibrations in the triple point of
water which must be carried out quite often during the measurements. It is
also necessary to be certain that the corrections in the indications of the

potentiometer have been determined with sufficient accuracy and that their

changes during the time between two calibrations of the potentiometer do

not affect the accuracy of the measurements. In addition, it is necessary

to emphasize once more that the calibrations of the resistance thermometers

. o
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intended for accurate measurements of temperatures should definitely be

carried out in the A.U.S.R.I.M.
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Fig. 1. New experimental data by the A.U.P.E.I. in the critical area.

Key: a = kcal/kg %C; b = kg/cmz; ¢ = True heat capacity of water.

Fig. 2. Heat capacity cp and derivatives (acp)t and (dcp), on isobar
) 3 at -

p

230 kg/cm’

Key: a = _Kcal kcal * cm?

kg(°C)2, kg2 - °cC

b = kcal =
kg°C



In order to compute the derivative (acg)t it is necessary to pass from
p
the experimental data in isobars to isotherms, thus making it rather diffi-

cult to compute the errors in proportion in the critical area. In this work,
for the purpose of constructing isotherms at excess critical pressures, an
interpolating method was used which was previously referred to in Reference

13 with the aid of the following diagram:

L —ty), |

where Cpm and tp correspond to the value and temperature of the maximum p

on the isobar.
For pressures up to the critical pressure, another variation of this

method was used: interpolating with the aid of the diagram (—L— S U g

Cp Cps

- (t - tg). The results of the computations of the derivatives (acp)t and
ap

(Bcp)p at isobar 230 and 240 kg/cm2 are shown in Figures 2 and 3 where the
ot

isobars for o have also been shown for purposes of clarity. The lines of

maxima p are close to one another at the isobars and isotherms in the

critical area and therefore derivative (Bcp)t bisects the axis of the ab-
Ip

scissa at a temperature which does not differ greatly from the temperatures

of the maximum at a given isobar (ty). Inasmuch as (acp)t equals 0 when

ap
t equals tp, the magnitude ACp at the point of maximum Cp must be close to
zero. Along both sides of tp the derivatives pass through the extremums

and thus the extremal magnitude (dc )t to the left of t, is about twice as
24 a.E m
p

great as to the right of it. At isobar 230 kg/cm2 the interval of the



temperature between the extremums (aCB)P amounts in all to 0.3°C and for
ot

(3Cp)t this interval is still smaller, about 0.2°C. 1In the entire area
op

for which derivatives were determined, in the units of measurement selected

by us (kg/cmz, °c) (acE)p was greater than (3cp).. At the extremum point
ot op

to the left of tp the magnitude El—-(ch)t amounts to 200% and El_ (ch)P
P p t

amounts to 400%, i.e., the change in temperature of 1 °¢c changes <p four

times. However, thanks to the fact that the extremums of the derivatives

"

are rather "sharp," the impact of the errors in proportion to the results of

the measurement only has an effect in narrow temperature intervals on both

2

sides of the maximum: for instance on isobar 230 kg/ecm“ the derivative

(dc )p decreases tenfold at a temperature which exceeds tp by 0.9 °C in
ot

all.

Figure 4 shows the sum error for circumcritical isobars 225, 230 and
240 kg/cmz. In computingA‘cp the magnitude of the error in measuring the
pressure and the temperature consequently was equal to 0.02% and 0.03 °cC.
As follows from Figure 4, at isobar 230 kg/cm2 the magnitude Acp exceeds
10% only within the interval of expansion of 1 ©C and at isobar 240 kg/cm2
the sum error does not exceed 5%. The error owing to the errors in propor-

OC amounts to 3% in all. At all of the

tion at the point 225 kg/cmz, 375
other points in Table 1, the effect of the errors in proportion is still
smaller.

In analyzing the disparities between the data of various authors in the

critical area, it must be kept in mind that in some works the effect of the



errors, in proportion, in the evaluation of the measurement accuracy was
not at all taken into consideration (for example in Reference 14) or else
it was considered only for those experimental points which are situated
rather far from the critical area. This situation should be kept in mind
particularly when comparing the results of the measurements in References

5 and 14, since the magnitude of the error, when considered proportionally,
in Reference 14 is quite great and is sufficient enough to explain the dis-
parities which were noted in Reference 5.

As was shown, the errors in proportion in the case of cp measurements
in the critical area are close to zero at the maximum points. For this
reason, when comparing the results computed according to the equations of
the positions together with the table of bases it is advisable to also use

the values of ¢, which have been determined according to experimental data

P
at the maximum points of isobars (cp)g. The experimental data in Refer-

ence 5 make it possible to add to the information on the maxima of c¢p which

are given in Reference 13.

) n'u lunc.ul Lo R

Fig. 3. Heat capacity cp and derivatives (3c )t and (ScE)p on
ot

2 op
isobar 240 kg/cm .

kcal . _kecal . kecal + cm?
Key: a = kgocC > kg(°c)? ’ kg2 . OC
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In Figure 5 there are shown for the experimentally obtained isobars in
References3 and 5 the deviations in the temperatures at the points of maxi-

ma (tp) from the computed values found according to the formula of the

straight line in coordinates lgp - —-%— :
I 1 . p i
LI, —0,487.10°Yg -2
T Tcr 4 s (2)

In the same figure the dotted line represents the deviations for the
portion of the saturation curve bordering the critical point. According
to the data of the A.U.P.E.I., the value of the derivative along curve
(Cp)g in the critical area amounts to 2.62 * 0.07 kg/cm2 * 9C (which is
a bit less than the value of the derivative along the saturation curve at
the same point which, according to the data by Osborne, et =i., equals
2.728 kg/cm2 - 9C.). For a smoogh conjugation (without breaks) of the
curve of the maxima with the saturation curve, it would suffice in Figure 5
to change the value of t.y by several hundreds of degrees. The findings
according to Formula 2 and the correction curve (Figure 5) of value tp are
given in Table 2.

Table 2. Maxima of heat capacity cp on isobars

. b) rd C) d) f4
a 1 . » L] A
xl'ﬂ:'m 1, 'C veaaxec | ¥liear Lec . na.«/‘:'.'-'ck
- 22 325 © 5,29
210 375.82 s 350 .
e | A %é 7 | 3120
21 =% . 40} ! 2
wo | Q 2l 450 ; 3:285
. ;‘,3’ By 14,74 500 453,90 2,346
W ; , 1,04 600 3,3 1,928
P : -10,23 700 40,3 ’.687 -
z 1Y 9.402 58] 54,9 1,528
0 396,% 7.801 900 517.6 1,48 .
| wos 2,687 1000 28,6 15
P> Cp’ P» Cho
Key: = ; b) = . 3 = d) = ?
vioa) = em? ) = keal/kg * °¢ 3 9 = kg/em? P P T weal/kg - Oc

ot
P
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Fig. 4. Sum error of proportion for the new experimental data of the
A.U.P.E.I. in the critical area.

Key: a) = kg/cm2

The slight difference between these values and the values in Reference
13 is explained by the fact that the utilization of new data in the pressure
interval 230 - 275 kg/cm2 entailed a change in the form of the correction
curve for higher pressures. 1In addition to this, value tp at isobar

350 kg/cm2 was rendered somewhat more accurately.

-
- ;
g3, '
? \534-5,, .
",)V oy
0 200 K7

'45

Fig. 5. Correction curve to Equation (2).

Key: a) = texer - tcomputed’ P) = kg/cm”

It was shown in Reference 13 that at a pressure interval of 300 -500 kg/

cm2 the linear dependence %’ of p, discovered by D. L. Timrot was not ful-

filled at pressures up to 300 kg/cm? where
12



X =(‘9): = Cpe

New experimental data (Reference 5) showed that the values (cp)g for
isobars 250, 275 and 300 kg/cm2 can be described, to a good degree of ap~
proximation, as a linear dependence if, instead of a critical pressure
Per. = 225.65 kg/cmz, there is uéed a somewhat fictitious value

227.620 kg/cm?:

A Pe -227.620
TR (3)

The experimental values in the diagram of i.- p at pressures below
250 kg/cm2 deviate upwards from tﬁe computed values and at pressures above
300 kg/cm2 they deviate downwards; for isobars 240 and 350 kg/cm2 these
deviations are not very large (Figure 6). At pressures which are approxi-
mately equal to 275 kg/cm2 the dependence %.= f(p) has an inflection,
this also making it pos sible to describe the portion bordering the infla-
tion as a linear dependence % of pp, discovered by Timrot. The experi-
mental wvalues (cp)g at low pressures agree satisfactorily with the criti-
éal pressure for which %.= 0 (Figure 6).

An interpolation equation for (cp)g can be obtained by adding to equa-

tion 3 an additional member, taking into account the deviation from the

linear dependence at pressures bordering the critical pressure:

e Gy -

Table 2 gives the values of (cp)g which have been computed according

2

to this equation for pressures up to 300 kg/cm“ inclusive. At higher pres-

sures the values of ¢cp at the maxima points on the isobars were calculated

13

/68



according to Equation (5) (Reference 13) which, at pressures of 310 kg/cmz,

agree satisfactorily with Equation (4) for both the magnitude of (cp)g it-

self and for the value of the derivative
L =0 1567+15211g—6’—+0975/1g—!’—)’ | (5)
x ’ ’ 300 CIP\P 00 )

In the work in Reference 8, it was shown that Equation (5), drawn up
according to the experimental data of the A.U.P.E.I. for pressures up to
500 kg/cmz, can also be used for higher pressures, since the value (cp)g
computed according to this formula agrees well with the results of extrapo-

lation by the graphic method in special coordinates.

2) ne Lixrxan
““’.Kf;/: D)
(n movwa
25
0 CL+b
Jo '\Iﬂll;ﬂ'd)
-25

Fig. 6. Deviations of the experimental values of (cp)g from the

values computed according to Equation (3).

Key: a) kg®C/kcal; b) = critical point; c) =p/pcp;

d) kg/cm2

In the area of extrapolation, Equation (5) also agrees well with
Equation (6):
Ploeg=1+0,244 / (6)

which describes the experimental values of (cp)g at pressures of

14



400 - 500 kg/cm2 (Reference 13) and agrees in form with the dependence dis-
covered by Kaganer for some other substances (Reference 15). A similar

expression can be used for extrapolating the dependence

i 7, PO
x=f(tai ¥ 7 g — 0275, | (7)

This equation describes the experimental data in the same range as in
Equation (6). Removing x from Equation (6) and Equation (7) we obtain an
equation for extrapolating the lines of maxima cp at isobars in the p - t
diagram:

{—1. - 167:8p—3,786. 10¢
xp 0,519p +321 9 (8)

This equation is a hyperbola having an asymptote at T = 970.5 °K. 1In
this way, the extrapolation method referred to leads to the same result as
was obtained in Reference 15, at high pressures the 1ine of maxima (cp)g
approaches the isotherm. The reduced temperature of this isotherm for
water according to Equation (8) is greater than in the case of a number of
other substances, according to the data in Reference 15:

I 4 1.5 in lieu of 1.2
Ter.

The values of t brought forth in Table 2 for pressures exceeding
500 kg/cm2 are computed according to Equation (8). The deviations from the
results in Reference 8 amount to 4 - 8 °C.

Table 3 gives the enthalpy values of water and steam which have been
computed by integrating the data of the A.U.P.E.I. for cp given in Refer-
ences 1 - 6 and also the data in Reference 10. The integration was carried

out according to isobars, beginning with the 0 OC isotherm where, as the

15




beginning of the computation the enthalpy taken was computed according to

the formula i = 2.41 ° 10_2p -2 * 10°%p2 (Reference 11).

Table 3. Enthalpy of water and steam 1i,kcal/kg

t°C :
o | 50 | 10 f wo! 2| 20| 30| 30| 75| wo ] 45| 4w | | 50| 0| ew
2
p’kg/cm-. {
50 1.20 | 50,9 [ 100,93 | 151,62 | 203,88 | 29,28 fem.s | 72,9 | 740,3] 763,09 780 | 72,2 806,21 820.2| ses.2] s78.2
75 1.80 | 51,50 | 101,38 | 152,00 | 204,16 | 259,30 [ 674,2 | 718,5 | 736.6 | 753.0 | 768.6 | 781.8 7] 81.6] 8428 K
100, 2,39 | 52,021 101,84 | 152,40 | 204,42 | 250,34 | 320,86 § 700,3 | 722.3 | 71,1} 758,5] 775,04 | 791.0 | 806.6 | #37,3
125 208 | 52.53 | 102,98 | 152,73 | 204.70 | 259,368 | 320,18 [ 678,0 °| 705,81 7M. 2} 747.8) 765,90} 783.0( 799.6 | adl.7
150 3,57 | 53.04 | 102,74 | 153,15 | 204,97 | 259,40 | 319,68 | 646.2 | 687,0 | 713,7 | 736,3 | 7t8.3.] 7747 | 792,3| 825,09
175 4,16 | 53,55 [ 103,20 | 153,52 | 205.24 | 259.46 | 519,05 | 397,84 | 664,0} 697.2| 723.3 ] 745.7 . 7848 | 8198
200 4,74 | 54.06 | 103,64 | 153,91 | 205,52 | 259,53 | 318,60 | 393,78 | 629.4 AL 708,81 734,1 | 756.2 ? 813.4
225 6,31 | 54,56 | 104,10 | 154,30 | 205,80 | 259.62 | 318,20 66 ) 558,3| 653,41 692,21 721,86 | 745.8 N X
250 5.90 | 65.07 | 104,54 | 154,67 | 206,08 | 257,73 | 317,86 1 388,25 | 444.4 | 623,2| 673,8 | 707,94 7.9 81 800,0
275 8.47 | 55157 | 106,00 | 155,04 | 296,77 | 250,84 | 317.55 | 386,30 | 435.0 | 581.5| €53,1 | 68,2} 723,51 7483 ;&.ﬂ I
300 7,05 | £6.08 { 105,45 | 155.45 {-206.66 | 259.95 | 317,20 | 384.62 { 429.3 | 52%5.4 | 630,1 } 677.8 §- V11,4 3
350 8.19 | 57,081 106,34 | 156,21 | 207,23 | 260,19 | 316,87 | 381,84 | 421.9| 478.1 ] 574,81 642,9 | 685.8 | 7185 | 7702
400 , 68,07 | 107,23 | 156,98 | 207.83 | 260,49 | 316.57 | 379,61 | 416.7 | 462.8 8] 605,4 | 658,2 8] 74,9
450 110,44 | 59,05 16810 | 157,74 | 208,41 | 260,77 | 316,29 | 377.83 | 4131 | 454.3] 56,8} 872.4 | 6308 674.8] 7X.6
500 11,55 | 60,06 | 109,01 | 156,53 | 209,05 [ 361,12 | 316.10 | 376.47 | 410,3 ] 48,4 | 493.0 | 548.9 | €05.8 | 683.7| 7M.8

16



10.

11.

12.

13.

REFERENCES

Sirota, A. M. and D. L. Timrot. "Teploenergetika" (Power Engineer-

ing), No. 7, 1956.

Sirota, A. M. "Teploenergetika" (Power Engineering), No. 7, 1958.

Sirota, A. M. and B. K. Mal'tsev.
ing), No. 9, 1959.

Sirota, A. M. and B. K. Mal'tsev.
ing), No. 10, 1960.

Sirota, A. M. and B. K. Mal'tsev.

ing), No. 1, 1962.

Sirota, A. M. and B. K. Mal'tsev.
ing), No. 7, 1962.

Sheyndlin, A. E., E. E. Spil'rayn,

"Teploenergetika" (Power Engineer-

"Teploenergetika" (Power Engineer-

"Teploenergetika" (Power Engineer-

"Teploenergetika" (Power Engineer-

and V. V. Sychev. '"Teploenergetika"

(Power Engineering), No. 12, 1959.

Bukalovich, M, P., V. B. Dzampov, D. S. Rasskazov, and S. A. Remizov.

"Teploenergetika'" (Power Engineering), No. 12, 1961.

"Thermophysical Properties of Substances" (Teplofizicheskiye

Svoystva Veshchestv). Handbook.

Gosenergoizdatel'stvo (Govern-—

ment Power Engineering Publishing House), 1956.

Koch, W. Research in the Areas of

the Engineering Sciences (For-

schung auf den Gebiete des Ingenieurwesens). Vol. 3, No. 1, 1932.

Sirota, A. M. and P. E. Belyakova.
ing), No. 10, 1959.

Rivkin, S. L. and T. S. Akhundov.
No. 1, 1962,

Sirota, A. M., B. K. Mal'tsev, and

(Power Engineering), No. 7, 1960.

"Teploenergetika" (Power Engineer-

"Teploenergetika" (Power Engineering),

P. E. Belyakova. ''Teploenergetika"

17



- NASA TT F-9208

14, Timrot, D. L., N. B. Vargaftik and S. L. Rivkin. Izvestiya VTII (Re-~
ports of the A.U.P.E.I.), No. 4, 1958.
15. Kaganer, M. G. ZH F X Zhurnal Fizicheskoi Khimii (Journal of Physi-

cal Chemistry), Vol. 32, 1958.

Translated for the National Aeronautics and Space Administration by the
FRANK C. FARNHAM COMPANY.

18




